ABSTRACT Ongoing discussion on the taxonomic status of Anastrepha fraterculus (Wiedemann) and limited biological knowledge of this species emphasize a need for information on sexual behavior and mating compatibility among populations from different ecological regions. In this study, we studied four populations of A. fraterculus from different fruit-growing and biogeographical areas in Argentina, i.e., Yuto and Horco Molle from the northwest and Posadas and Concordia from the northeast. Pair-wise compatibility tests were performed for all possible combinations. Virgin males and females, in the proportion 1:1, were released into Þeld cages containing a tangerine tree (Citrus reticulata Blanco). Sexual behavior was recorded in each cage. To determine the degree of mating compatibility between any two populations, sexual isolation indices and male and female performance indices were calculated. The values of the sexual isolation index did not differ statistically from the expected value (zero) under the assumption of random mating. This result indicates that A. fraterculus populations are fully mating compatible in Argentina, thus encouraging the application of the sterile insect technique to control this species in the region. Differences found between some populations in copulation duration and couple location in the cage suggest that variability might exist for these traits, requiring conÞrmation in the future.
causing quarantine restrictions for fruit exportation (Steck 1998) .
Current information on the biology of A. fraterculus is far from complete, and the high degree of morphological variation found among populations from different areas has made the taxonomic status of this species debatable. The correct taxonomic identiÞca-tion of adult specimens is controversial because of morphological variation of important taxonomic traits, such as female ovipositor shape and wing coloration (Stone 1942 , Baker 1945 , Zucchi 1981 , Hernandez-Ortiz et al. 1999 . Based on different sets of data, this taxon is treated as a species complex by many researchers (Morgante et al. 1993 , Solferini and Morgante 1987 , Steck 1991 , Steck and Sheppard 1993 , Selivon 1996 , 1999 , 2002 . Karyotypic variation has been reported among Mexican and Brazilian populations (Mendes 1958) . Solferini and Morgante (1987) observed four karyotypic forms among populations from Brazil that were considered cryptic species. Isozyme differentiation was detected among populations from Venezuela and Brazil Malavasi 1985, Steck 1991) . Restriction fragment-length polymorphism (RFLP) analysis of mitochondrial DNA strongly corroborated isozyme data, indicating lack of gene ßow between contiguous lowland and highland regions of Venezuela and two populations from Brazil (Bahia and southern Brazil) (Steck and Sheppard 1993) . and Selivon and Perondini (1998) described differences in egg morphology and extrusion of yolk masses between two cryptic species of the A. fraterculus complex referred to as species 1 and species 2. In summary, regional differences in morphology, behavior, and biochemical and molecular traits suggest that A. fraterculus consists of a complex of cryptic species rather than a single biological entity (see Steck 1998 for a revision). Additional support for this hypothesis was obtained recently from approaches involving morphology, cytogenetics, oviposition behavior , and DNA analysis (Infante-Malachias et al. 2001, Suesdek-Rocha and .
In Argentina, A. fraterculus is abundant in two regionsÑthe northwest and the northeast (Vergani 1956 ). These two regions are characterized by a hot and wet subtropical climate (Cabrera and Willink 1980) and represent the southern limits of the two apparently unconnected bands reported for the continental distribution of A. fraterculus (Salles 1995 , Steck 1998 . The northwest and northeast regions of Argentina are separated from each other by an extremely arid region, the Chaqueñ a biogeographical province (Cabrera and Willink 1980) , where the pest is restricted to small areas associated with human activities and settlements. Gene ßow between northwest and northeast bands seems possible only through fruit trade, resulting in mostly isolated ßy populations between these regions.
The pest status of A. fraterculus varies according to geographic region. It is an important pest in Argentina, the east coast of Brazil, and in some regions of Colombia and Venezuela. However, it is not considered a serious pest in Mexico, Costa Rica, and the Venezuelan valleys (Salles 1995 , Steck 1998 . Another fruit pest, the Mediterranean fruit ßy, Ceratitis capitata (Wiedemann) (Diptera: Tephritidae) is also present along the same geographical range. In Argentina, C. capitata is effectively suppressed by means of the sterile insect technique (SIT) (Aruani et al. 1996 , De Longo et al. 2000 , and there is speculation about whether developing SIT to control A. fraterculus is a good idea also. The general belief that A fraterculus comprises a complex of cryptic species might lead to the conclusion that SIT would be impractical as a pest control method because of isolation between a particular laboratory strain and wild populations belonging to different cryptic species. Chromosome (Basso and Manso 1998 , Lifschitz et al. 1998 ) and molecular polymorphisms (Sonvico et al. 1996 , Alberti et al. 2002 are detected within Argentinean populations, but isozyme and mitochondrial DNA variation (Alberti et al. 2002) have, so far, indicated relatively low genetic differentiation among them.
Beyond indirect evidence from morphology, life history traits, cytogenetics, and population genetics, the Þnal conÞrmation of species identity between two populations with a certain degree of differentiation should be the absence of reproductive isolation (Mayr 1963) . One type of reproductive isolation, behavioral isolation, is a mechanism in which populations may present different behavioral patterns that inhibit them from cross-mating (Dobzhansky 1937) . This process can appear as a by-product of the genetic and morphological divergence in two allopatric populations (Mayr 1963) or as a reinforcement of postmating isolation mechanisms already present in sympatric populations (Fisher 1930 , Dobzhansky 1940 ). An alternative concept for a biological species is based on speciÞc mate recognition systems (Paterson 1978 (Paterson , 1985 , which emphasize that the members of a species have a common method of recognizing mates. This view is focused on the ability of members of a species to attract and mate with each other rather than on the ability to reject individuals from a different species. In both concepts, however, sexual behavior is the key to deÞne a biological species.
Studies of sexual behavior and mating compatibility in A. fraterculus are very scarce (Petit-Marty 1999, Selivon et al. 1999) ; however, the Þnal answer about the taxonomic status of Argentinean populations of this species and the suitability of SIT against it requires direct evaluation of mating compatibility among the different populations of A. fraterculus present in Argentina. Therefore, the main objective of this work was to study the sexual behavior and mating compatibility of four wild populations of A. fraterculus representing the extremes of the distribution of this species in Argentina.
Materials and Methods
Wild Populations. Four wild populations were selected: Yuto (33Њ38ЈS, 64Њ27ЈW) and Horco Molle (26Њ48ЈS, 65Њ20ЈW) from northwest Argentina and Concordia (31Њ02ЈS, 58Њ09ЈW) and Posadas (27Њ23ЈS, 55Њ52ЈW) from northeast Argentina (Fig. 1) . These populations were chosen because they were expected to represent a good deal of the diversity of A. fraterculus populations in Argentina. Horco Molle is a population derived from guava fruit trees, Psidium guajava L. (Myrtaceae), that grow wild at the foot of San Javier Hill, at the eastern edge of the Yungas rainforest. This population is Ϸ5 km from the nearest commercial lemon orchard. Yuto is also in the Yungas, but this site is located in an experimental agricultural station with orchards of tropical and citrus fruit species. The Posadas population is located in a different tropical forest inside the Paranaense province. This is part of the Amazonian dominion, where agricultural activities are mostly dedicated to forestation and tea, "yerba mate" (Ilex paraguariensis St.-Hil.) and tropical fruit production. Concordia is located in a region with temperate climate, the Pampeana province, and the sampling site here is in an area with diverse citrus species. All the samples were obtained from infested guavas, except in Concordia, where some were obtained from fruits of pineapple guava, Feijoa sellowiana Berg (Myrtaceae).
Three fruit collections were carried out for each population. To obtain wild ßies, infested fruits were collected and sent to the Instituto Nacional de Tecnologṍa Agropecuaria (INTA) laboratory at Castelar where they were placed on plastic trays over a layer of sand to allow pupation. The sand was periodically sieved to obtain pupae, which were placed in plastic 1-liter ßasks. These pupae were maintained under controlled conditions (25 Ϯ 1ЊC, 80 Ϯ 5% RH, and 12L:12D) until adult emergence.
Adult Sexing and Identification. Emerging adults were removed from the ßasks every 24 h. To facilitate sorting by sex, ßies were anesthetized by exposure to a temperature of 0ЊC for 10 min. Fifty individuals of each sex were placed in glass 3-liter containers and supplied with water and adult food. The food contained brown sugar: corn hydrolyzed protein (R.M. SAIC; 2:1) (Manso 1998) . Adults fed this diet developed to sexual maturity in laboratory strains (Manso 1998) . Adults were kept under laboratory conditions (25 Ϯ 2ЊC, 60 Ϯ 20% RH, and 12L:12D) until sexually mature. De Lima et al. (1994) reported ßies under such conditions reach sexual maturity in 16 d. In a pilot Þeld cage test, we found an increasing proportion of mating with ßy age, but mortality also increased with age. An age of 20 Ϯ 1 d after emergence was found to be the best compromise between maturity and viability. The taxonomic identiÞcation of a sample of adults was conÞrmed by A. Bartolucci, ISCAMEN (Instituto de Sanidad y Calidad Agropecuaria Mendoza). Voucher specimens were deposited both at INTA in Castelar and ISCAMEN laboratories.
Fly Marking. Three days before each experiment, ßies were labeled to identify their origin. Approximately 20 ßies were placed in a mesh bag (1-mm hole diameter) where, one at a time, they were gently immobilized and painted on the thorax with a dot of water-based paint (Tempera Alba; Alba, Argentina). Colors (green, red, white, and yellow) were interchanged sequentially each day. After labeling, 25 ßies were placed in 1-liter containers with food and water and held under laboratory conditions until required.
Mating Compatibility Tests. All populations were crossed in pairs (Horco Molle-Concordia, Horco Molle-Posadas, Horco Molle-Yuto, Yuto-Concordia, Yuto-Posadas, and Concordia-Posadas) in individual Þeld cages. At least six replicates were carried out for each combination. The total number of replicates depended on the number of available ßies. The tests took place at the Instituto Nacional de Tecnologṍa Agropecuaria, Castelar (58Њ40ЈW, 34Њ40ЈS), between 2 and 22 April, 2001. Outdoor nylon screened cages (2.5 m high by 3 m diameter) were erected over rooted 1.5-m-tall, 3-yr-old tangerine trees, Citrus reticulata Blanco (Rutaceae). Field cages were identiÞed by number, and each day a test and observer were randomly assigned to each one. Inside each cage, 25 males and 25 females of each population were released. Because mating occurs mainly in the morning , De Lima et al. 1994 , the observation period was from 0715 (soon after sunrise) to 1300 hours. Males were released 15 min before females to allow their establishment in the cage. Only healthy marked ßies were released, while nonactive or dead ßies were replaced. For each mating pair, the following data were recorded: copulation start time, copulation location (fruit, net, ground, stem, abaxial-adaxial side of a leaf, height in the tree), and male and female colors. The pairs were gently induced to walk into 20-ml plastic vials and placed in the shade until the mating couple disengaged. This moment was recorded as the copulation end time. Temperature, relative humidity, sunshine, and wind speed were recorded every hour at the meteorological station of the Instituto de Clima y Agua, Castelar, located 2 km from the experimental site.
Data Analysis. Copulation start time and copulation duration were recorded for all pairs. For statistical purposes, these values were standardized to have mean zero and unit variance for each day to remove day to day variation in the environmental conditions. Percentage of mating inside each cage was calculated by dividing the number of mated pairs obtained by the number of potential pairs. Possible associations between this value, copulation start time and duration, and the different environmental variables were evaluated by means of Spearman rank correlations (Daniel 1990) . Mating compatibility was assessed by means of the Index of Sexual Isolation (ISI) and mating competitiveness by the Male and Female Relative Performance Indices (MRPI or FRPI for males and females, respectively) (Cayol et al. 1999 ). ISI varies from 1 (total isolation) to Ϫ1 when all copulations involve individuals from different populations. An ISI estimate of zero indicates random mating (lack of isolation). MRPI varies from one when males of one of the tested populations engage in all the copulations, to Ϫ1 when males from the other population do all the copulating. The range for FRPI is the same as that of MRPI. The statistical signiÞcance of any departure from random mating or equal performance of each sex was tested by means of an independence 2 test taking into account the total number of each mating combination (ISI), the total number of mated and unmated males (MRPI) or females (FRPI), of each population. Those cages with a low percentage of copulation (Ͻ20%) were not used to estimate compatibility and relative performance indices, as suggested by the guidelines in "A Manual of Quality Control for Fruit Flies" (Anonymous 1998) for Þeld cage tests. Homogeneity among replicates was analyzed by means of homogeneity 2 tests. Possible differences between medians of copulation start time or copulation duration were assessed by means of a nonparametric Kruskal-Wallis analysis of variance (ANOVA). Pair-wise comparisons to Þnd the origin of signiÞcant differences were performed by the DunnÕs rank test (Hollander and Wolfe 1976) . To evaluate any possible relationship between male origin and the location of the mating site in the cage, a homogeneity 2 test was performed. All statistical analyses were performed using Statistica for Windows (Statistica 5.1; StatSoft 2000).
Results

Environmental Conditions and Mating Behavior.
The environmental conditions during the experimental period were in general favorable for the tests. The average temperature ranged from 13.7 to 23.5ЊC, the relative humidity was rather high (67Ð 84%), the percentage of the day with direct sunlight was variable (0 Ð 89%), and the wind speed was low (2.6 Ð 10.6 km/h). A total of 55 trials were performed, and the mean percentage of mating was above 25% for all tests (Table 1) . Mating activity started soon after the ßies were released into the cages with a maximum between 0800 and 0900 hours (Fig. 2) . The percentage of mating pairs was positively associated with mean temperature (Table 2) , and both copulation start time and copulation duration were signiÞcantly associated with most environmental variables.
Mating Compatibility and Relative Performance. The four possible mating combinations (Table 3) , two homotypic (AA, BB) and two heterotypic (AB, BA), were homogeneous within all the tests as revealed by Heterogeneity ϭ 16, P ϭ 0.001). The relative performances of both sexes were similar for Horco MollePosadas, Horco Molle-Yuto, Yuto-Posadas, and YutoConcordia combinations (P Ͼ 0.05). For the Horco Molle-Concordia cross, Concordia males and females had a lower performance than those from Horco Molle. In contrast, Concordia females showed a higher performance compared with Posadas females (Table 3) . Compatibility and relative performance analyses were based only on those trials where the percentage of mating was sufÞciently high (Ͼ20%), following the International Atomic Energy Agency recommendations (Anonymous 1998). In the 13 cages deleted for having low mating, although the numbers of particular crosses were not enough to perform any valid test, the general trend in them was similar to that described above; i.e., from a total of 100 pairs, 59% were homotypic and 41% heterotypic, not differing from the 1:1 expected ratio ( 2 ϭ 3.24; P ϭ 0.07). Copulation Start Time and Duration. Copulation start time was similar for all mating combinations (Table 4 ). The Kruskal-Wallis analysis of the four homotypic crosses revealed no signiÞcant differences (H ϭ 0.14; df ϭ 3; P ϭ 0.98). Copulation duration (Table 5 ) was affected by speciÞc mating combinations (H ϭ 16.94; df ϭ 3; P ϭ 0.001). Pair-wise comparisons showed that homotypic copulations from Posadas lasted longer than homotypic copulations from Horco Molle (P Ͻ 0.001). The copulation duration did not differ among other homotypic crosses. Both possible heterotypic combinations between Posadas and Horco Molle showed values intermediate between the two homotypic crosses (Table 5) .
Location of Mating Sites. Only homotypic mating pairs were considered; most of them (82%) occurred on the underside of the leaves, whereas only 3.5, 6.2, 2.5, and 5.8% were, respectively, located on the upper side of the leaves, on fruits, on stems, or on the netting. The distribution of mating pairs was heterogeneous among populations ( 2 12 ϭ 23.27; P ϭ 0.025). Concordia and Yuto showed higher numbers of copulations on the cage netting than Horco Molle and Posadas ( 2 1 ϭ 6.75; P ϭ 0.009). Regarding height in the tree, most mating pairs (55%) occurred at intermediate heights in the tree, and the remaining mating pairs evenly occurred on the upper (25%) or on the lower third (21%). No association was detected between the population origin and height in the tree where copulation occurred ( 2 6 ϭ 9.25; P ϭ 0.16).
Discussion
The general aspects of mating behavior for all Argentinean populations of A. fraterculus tested in the present work are similar to the pattern reported for populations of Brazil , De Lima et al. 1994 , Salles 1995 . In par- of homotypic and heterotypic mating pairs obtained, ISI, and MRPI or FRPI (Cayol et al. 1999) a AA, no. of pairs between a male and a female from the Þrst population; AB, same between males of the Þrst population and females of the second population; and so on.
e Only replications with percentages of mating Ͼ20 were included. ***P Ͻ 0.001; *P Ͻ 0.05; no asterisk, not signiÞcant. ticular, copulation occurs early in the morning, with most copulations taking place during the Þrst hour and a half after sunrise (Ϸ0730 Ð 0900 hours). Males aggregate in leks to call females, and copulation takes place usually on the undersides of leaves, half way up in the tree. Malavasi et al. (1983) found that temperature and sunshine affected mating behavior in A. fraterculus, and De Lima et al. (1994) observed no copulation when temperature was below 16ЊC. In this study, copulation start time and copulation duration were affected by temperature, sunshine, and wind speed. Temperature also affected copulation rate.
The circadian rhythm of mating behavior seems to be very important and could constitute a premating isolation mechanism (temporal isolation sensu Dobzhansky 1937) , resulting in reproductive isolation (Morgante et al. 1993 ). In the genus Anastrepha, there is an extremely wide range of mating circadian rhythms (Aluja et al. 2000) . The evolution of such varied behaviors can be interpreted as the gradual selection for patterns of sexual activity that limit interspeciÞc interactions and hybridization (Sivinski et al. 2000) . Therefore, the fact that none of the four homotypic crosses studied here showed differences in copulation start time argues against the occurrence of temporal isolation among these populations.
Sexual selection plays an important role in the evolution of species with polygynous lek mating systems, which seem to be the norm in genus Anastrepha (Aluja et al. 2000) . In this mating system, females visit sites where males aggregate and call and actively choose a mating partner (Burk 1983) . The sexual isolation indices obtained here indicate that no pair combinations among these four populations depart from random mating expectations. Male relative performance and female relative performance indices for the combinations Horco Molle-Yuto, Horco Molle-Posadas, YutoConcordia, and Yuto-Posadas showed that both males and females of these four populations have similar mating success. In the cross Horco Molle-Concordia, males and females from Horco Molle were more successful than those from Concordia, and in the cross Posadas-Concordia, females from Concordia were more successful than those from Posadas (Concordia males showed similar success compared with Posadas males). Interpretation of these results is difÞcult, because assortative mating was not present, as indicated by the sexual isolation indices. Environmental conditions in the experimental Þeld were similar for all populations, so these differences in sexual activity could have a genetic basis, but environmental effects previous to fruit collection cannot be ruled out. Casares et al. (1998) , in isolation experiments, found that when 50% of all possible copulations is exceeded, the probability to obtain false isolation indices increases. In the tests carried out in this study, the percentage of mating exceeded 50% only few times. In fact, mean percentage copulation varied from 26 to 52%. This is an indication that all copulations obtained were under experimental conditions allowing female choice and discrimination to occur. Two behavioral differences were found in this work. First, copulations from Posadas lasted on average 20% longer than those from Horco Molle. It is not known whether copulation duration affects reproductive success in A. fraterculus, but it might be involved in postcopulatory sexual selection or behavioral differences between any two populations. When long copulations are performed, with female acceptance, it may be possible that the male is providing the female with information she will use to make reproductive decisions (Eberhard 2000) . Second, individuals from Yuto and Concordia exhibited higher copulation rates than those from Posadas and Horco Molle. In several species of the genus Anastrepha, only a few attractive males in the leks perform the majority of the copulations. This may force less attractive males to display an alternative mating behavior (Sivinski et al. 2000) . If the differences found here prove to have a genetic basis, they might suggest that males from these two populations use alternative mating strategies. This should also be taken into account during the establishment of strains for mass rearing. However, the differences found do not seem to affect the general pattern of mating preferences and recognition.
In conclusion, this study shows that the populations of A. fraterculus from Argentina are completely compatible in mating. Although postmating isolation, as previously shown for Brazilian populations (Selivon et al. 1999) , cannot be ruled out in the Argentinean populations, the occurrence of such mechanisms does not, restrict the possibility of implementing an area-wide pest control program based on SIT. One signiÞcant difference in duration (DunnÕs rank test) for homotypic crosses: Horco-Molle copulations lasted shorter than Posadas copulations. Note that copulations involving partners from these two populations presented intermediate values.
